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Summary  
Objective: To determine if differences in biomechanical properties and biochemical composition exist between human 
patellar articular cartilage and the opposing femoral articular cartilage. 
Design: The biomechanical properties and biochemical composition of the articular cartilage of 17 knees from 13 
donors were determined for four sites on the patella and three sites on the femur representing regions of contact 
at 30 ~ and 90 ~ of flexion. The material properties were determined by biphasic indentation testing, yielding the 
compressive aggregate modulus, HA, permeability, k, and Poisson's ratio, v~. The thickness of the cartilage at 
the indentation site, h, was also measured using a needle probe. Full-thickness amples of cartilage adjacent o 
each indentation site were used for wet weight, sulfated glycosaminoglycan content and hydroxyproline content 
determinations. 
Results: The patellar cartilage was found to have a lower compressive aggregate modulus by 30% (P < 0.001), 
higher premeability to fluid flow by 66% (P < 0.001) and greater thickness by 23% (P = 0.017) than that of the opposing 
femoral cartilage. The Poisson's ratios for both surfaces were found to be nearly zero. The water content of the patella 
was higher by 5% (P= 0.031) and the proteoglycan content lower by 19% (P = 0.030) than that of the femur. However, 
no differences were found between the collagen contents of the cartilages. 
Conclusions: Significant differences were found between the intrinsic material properties of the patellar cartilage 
and those of the femoral-trochlear cartilage. This variability of cartilage material properties with the patellofemoral 
joint may help explain why patellar cartilage has been frequently observed clinically to exhibit earlier and more severe 
fibrillation changes than the opposing femoral cartilage. 
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Int roduct ion 
THE cart i lage of the patel lofemoral  joint often 
exhibits degenerat ive changes (e.g., chondromala- 
cia and fibrillation), which may become symp- 
tomatic with age [1-13]. These condit ions often 
present cl inically as retropatel lar  pain (sometimes 
very severe), crepitus and wasting of the quadri- 
ceps, or as is commonly the case, they may be 
discovered during arthroscopic evaluat ion of the 
knee [2, 3]. The frequency with which pat ients and 
cadaveric patel lofemoral specimens present with 
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chondromalacia,  nd morphologic features uch as 
surface splits, paral lel  l inear scars, ravines 
(grooves), shedding of superficial chondrocytes 
and necrosis, minimal to overt fibril lations, 
ful l-thickness loss and bone exposures, and other 
forms of degenerat ive changes [2,4,9], have 
generated a wide var iety of research, histor ical ly 
and contemporaneously,  on the biology of this 
cart i lage disease and on the biomechanics of the 
patel lofemoral  joint [14-37]. While these studies 
have emphasized how tissue factors, such as 
histologic organizat ion and biochemical compo- 
sit ion of the tissue, or b iomechanical  factors, such 
as patel lofemoral  loading and contact  areas, might 
influence the progression of cart i lage degener- 
ation, few have attempted to determine its 
mater ia l  propert ies [38 42]. To our knowledge, 
only two studies have correct ly determined the 
mater ia l  propert ies of patel lofemoral  joint carti- 
lage [40,42] using the biphasic theory and 
indentat ion method [43, 44]. Thus, few studies have 
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addressed the importance of the biphasic material 
nature of patellofemoral joint carti lage in its 
ability to support load, and in the development of 
patellofemoral carti lage lesions9 This study is 
therefore aimed at determining the biphasic 
material properties of patellofemoral cartilage, 
and hence its ability to bear the high loads acting 
across this joint. 
There is conflicting evidence on the sites 
of earliest patellofemoral carti lage fibrillation, 
whether they appear first on the patel lar cartilage, 
first on the femoral trochlear carti lage, or appear 
simultaneously on both surfaces [4, 9, 10, 25]. 
Because the contact stress at the interface must 
act equally on each art iculating surface (Newton's 
3rd law of action and reaction), any asymmetry in 
the pattern of carti lage fibril lation would suggest 
an asymmetry of carti lage material properties or 
an asymmetry in its ability to bear joint loads9 
The various forms of fibril lation changes to the 
carti lage, irrespective of when or where they may 
appear, are undoubtedly a sign of tissue failure 
caused by a deterioration of carti lage material 
properties and a lessening in the load-bearing 
capabil ity of the carti lage [38-42]. Thus, the 
hypotheses of this study were: (1) the biphasic 
material properties of the patel lar carti lage and 
femoral-trochlear carti lage are not the same; and 
(2) patellar carti lage tends to have inferior 
biphasic load support characterist ics [43]. This 
second hypothesis would suggest that local 
biomechanical factors may play an important role 
in the development of early, and often more severe, 
patel lar carti lage lesions [9]. 
Materials and Methods 
A large number of fresh frozen human knee 
joints were examined by an experienced orthopedic 
surgeon to determine the suitabil ity of their 
art icular carti lage for inclusion in this study. On 
the day of dissection, all muscles and soft tissues 
were removed from the knees, down to the joint 
capsule9 The stripped knees were subsequently 
wrapped in gauze soaked with normal saline and 
protease inhibitors and frozen at -25~ until 
experimentation. Each frozen specimen was 
allowed to thaw for 24 h at 4~ before experimen- 
tation. Once thawed, the knee was disart iculated 
to harvest the patella, distal femur and proximal 
tibia for indentat ion testing. Their surfaces were 
then stained with India ink [4] and examined with 
a hand-held 5• magnifier. All surface irregularit ies 
were noted, and specimens with lesions more than 
1 cm 2, i.e., Outerbridge grade II or higher, were 
excluded from the study [10, 11]. Specimens with 
visually evident India ink staining (fibrillated 
areas) in the proposed test areas were also 
exclused from the study. A total of 17 human knee 
joints, obtained from 13 cadavers (known ages 
were 18-41 years, average age = 30 _+ 8 years; the 
ages of three donors were unknown), were found to 
satisfy the above criteria and were subsequently 
used in the study. Either the patella or femur was 
then prepared in random order for immediate 
indentation testing. The untested bone was 
refrozen for testing at a later date. 
The surfaces of the patella and femur were 
divided into specific anatomic sites as shown 
in Fig. 1. The 30 ~ and 90 ~ positions on the 
surfaces correspond to commonly accepted sites 
of opposing art iculat ion at these two knee 
flexion angles [15, 22-25, 45]. Of the five anatomic 
regions on the patella, four sites (one each 
on the four largest regions) were tested. The 
far medial (odd) facet was not tested because 
otherwise normal specimens frequently exhibited 
superficial fibril lation and softening in this area 
[4, 5, 10]. On the distal femur, three sites were 
tested, one along the anterior femoral groove 
Indentation test sites 
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FIG. 1. Location of the medial (M) and lateral (L) indentation test sites on the patella and femoral trochlea. 
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(trochlea) and two on opposing sides of the 
posterior trd~hlea. 
BIPHASIC  INDENTATION TEST ING 
Biphasic indentation testing was performed 
using an apparatus which has been successfully 
used for other cartilage indentation studies, and 
has been described in detail elsewhere [42, 44, 46]. 
A 1.5 mm diameter porous sintered stainless teel 
indenter tip was used for all indentation test sites 
for this study. This biphasic indentation test has 
the advantage over other methods used in that, 
along with the appropriate theory [47] and 
numerical calculation algorithm [44], all three 
biphasic material coefficients for cartilage can be 
determined simultaneously. For the linear biphasic 
theory commonly used to describe cartilage, the 
three coefficients are: the compressive aggregate 
modulus HA; the Poisson's ratio vs; and the 
permeability k. These coefficients are determined 
by curve-fitting the indentation creep data, 
obtained with our indentation apparatus, to the 
mathematical solution for the biphasic indentation 
creep [42, 44, 47] using a least-squares analysis. 
The thickness of the cartilage was obtained using 
the needle-probe method, as described by Mow 
et al. [44]. 
BIOCHEMICAL  DETERMINATIONS 
One fulLthickness ample of cartilage adjacent 
to each test site was harvested for the determi- 
nation of its biochemical composition. The wet 
weight of each sample was obtained (average wet 
weight for all specimens was 35 + 12mg), the 
tissue was freeze-dried for 48 h and then re-weighed 
to determine the water content [(wet weight-dry 
weight)/wet weight]. The remaining tissue was 
then analyzed for proteoglycan and collagen 
contents. 
The articular cartilage was solubilized by 
digestion with papain (125 ~tg per 100 pg tissue) 
for 16 h at 60~ in 0.1 M sodium acetate pH 5.6, 
containing 0.05M EDTA and 0.01M cysteine 
HC1. Aliquots of this were used to determine 
sulfated glycosaminoglycan (S-GAG) as a measure 
of proteoglycan content, and hydroxyproline 
(OH-Pro) as a measure of the collagen content. 
The S-GAG content in the papain digest was 
determined as a measure of the proteoglycan 
content of the tissue. The S-GAG was determined 
by the 1,9-dimethylmethylene blue dye binding 
assay [48] in a microtiter assay [49]. Absorbances 
were determined at both 530 nm and 600 nm, the 
change (A) in absorbance in the presence of 
sample or standard was calculated (A~00 and 
A~30), and the total change was calculated by 
addition of the change at each of the wave- 
lengths. Shark chondroitin sulfate was used as a 
standard. 
To determine the OH-Pro content of the 
cartilage, an aliquot of the papain digest prepared 
above was hydrolyzed by heating with an equal 
volume of 12 M HC1 at 107~ for 18 h, and dried. 
The hydroxylates were assayed for OH-Pro content 
using a colorimetric procedure [50] adapted for use 
with a microtiter plate reader. 
STAT IST ICAL  ANALYS IS  
Multivariate two-way analyses of variance 
(MANOVA) tests with repeated measures on site 
were performed to evaluate the effects of bone 
(namely, patella vs femur) and indentation site (30 ~ 
vs 90 ~ on biomechanical nd biochemical factors. 
Univariate ANOVAs with repeated measures on 
site were then performed on individual variables 
when the MANOVA demonstrated a significant 
difference (P < 0.05). In addition, correlations of 
material properties with biochemical composition 
were performed. 
Resu l ts  
Comparison of the data showed that, overall, the 
bone type (patella or femur) and the site of loading 
(30 ~ or 90 ~ ) were found to be significantly different 
for both the material properties (P < 0.001, bone; 
P=0.001, site) and the biochemical composition 
(P=0.041, bone; P=0.009, site). 
COMPARISON OF MATERIAL  PROPERTIES  AND 
B IOCHEMICAL  COMPOSIT ION OF PATELLA AND 
FEMORAL CARTILAGE 
The average compressive aggregate modulus 
of patellar cartilage (0.42 MPa) was significantly 
lower (30%, P< 0.001) than that of femoral- 
trochlear cartilage (0.60MPa; see Fig. 2). The 
Poisson's ratio was approximately zero for 
almost all test sites on both the patella and 
femur, with 100 out of 127 test sites having v,~ 
identically zero. The average permeability of the 
patellar cartilage (2.46• was found 
to be 66% higher (P<0.001) than that of 
cartilage from the femoraI-trochlear cartilage 
(1.48• see Fig. 3). The patetlar carti- 
lage at the indentation sites was also found to 
be significantly thicker (3.Smm) than femoral 
cartilage (3.1mm) by 23% (P=0.017) (Fig. 4). 
In addition to the overall statistical analysis 
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Fro. 2. Compressive aggregate modulus for the patellar 
(P) and femoral-trochlear (F) cartilage at the 30 ~ and 90 ~ 
of flexion contact sites, and combined for patellar versus 
femoral trochlear cartilage. (No significant difference. 
Error bars represent one standard eviation.) 
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FIG. 4. Thickness for the patellar (P) and femoral-troch- 
lear (F) cartilage at the 30 ~ and 90 ~ of flexion contact 
sites, and combined for patellar versus femoral troch- 
lear cartilage. (Error bars represent one standard 
deviation.) 
applied to all test sites as a group, it was possible, 
for a number of the joints studied, to compare the 
mater ia l  properties of the two mating art icular  
surfaces from a single joint. Fig. 5 shows that, with 
a few exceptions, on a joint by joint basis the 
compressive aggregate modulus was greater and 
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FIG. 3. Permeability for the patellar (P) and femoral 
trochlear (F) cartilage at the 30 ~ and 90 ~ of flexion 
contact sites, and combined for patellar versus femoral- 
trochlear cartilage. (Error bars represent one standard 
deviation.) 
the permeabi l i ty lower on the femur than on the 
patella. 
Comparison of the biochemical  composit ion of 
the art icular  cart i lage from the patel la and the 
femur showed that  the water content of the patel la 
(76.4%) was 5% higher (P = 0.031) than that  of the 
femur (73.1%). The proteoglycan content  of the 
patel lar art icular  cart i lage (0.30 mg/mg wet weight) 
was found to be 20% lower (P= 0.030) than in the 
femoral  art icular  cart i lage (0.37 mg/mg wet 
weight), but no difference (P=0.205) was noted 
between the col lagen content  of the cart i lages 
(Fig. 6). 
The experimental ly determined mater ia l  proper- 
ties of the cart i lage were compared with its 
biochemical  composit ion to determine whether 
statist ical ly signif icant correlat ions could be 
found. The mater ial  propert ies and biochemical  
composit ion data were grouped by art iculat ing 
bone surface (Fig. 7). The compressive aggregate 
modulus was found to correlate posit ively with 
S-GAG/wet weight (r=0.56, P< 0.001) for the 
patel la (Figure 7), and a negat ive corre lat ion was 
found for compressive aggregate modulus versus 
water content for both the patel la (r=-0.40, 
P=0.001) and femur (r=-0.37,  P=0.008). Water 
content exhibited a weak correlat ion with thick- 
ness for the femur (r = 0.44, P= 0.001) but not for 
the patel la (r = 0.07, P= 0.571). No other notable 
correlat ions between the cart i lage mater ia l  prop- 
erties and biochemical  composit ion where found. 
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COMPARISON OF THE CARTILAGE PROPERTIES BY 
FLEXION SITE 
The permeabil ity of the tissue was found to be 
significantly higher (51%, P=0.001) for 30 ~ of 
flexion (2.42• versus 90 ~ of flexion 
(1.60 • 10 -~ m4/Ns) (Fig. 3). This difference was not 
affected by bone type (i.e., patella or femur). The 
carti lage thickness of the 30 ~ flexion site was found 
to be 28% (P-- 0.001) thicker (3.9 ram) than that of 
the 90 ~ flexion site (3.1 ram) (Fig. 4). No difference 
(P = 0.104) was found in the compressive aggregate 
modulus between these contact regions for the 
patella and the femur (Fig. 2). Both the proteo- 
glycan content and the OH-Pro content were 
found to vary with site (Fig. 6). The proteoglycan 
content was found to be 14% lower (P= 0.035) for 
the 90 ~ contact site (0.31 mg/mg wet weight) than 
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for the 30 ~ site (0.36 mg/mg wet weight). Con- 
versely, the OH-Pro was found to be 9% higher 
(P = 0.016) for the 90 ~ contact site (0.24 mg/mg wet 
weight) than for the 30 ~ contact site (0.22 mg/mg 
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wet weight). The water content did not differ with 
contact site (P= 0.418) (Fig. 6). 
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FIG. 7. Scatter plots for the aggregate modulus versus 
S-GAG/wet weight (top), aggregate modulus versus 
water content (middle), and water content versus 
thickness (bottom). All figures contain both patellar and 
femoral-trochlear cartilage. ((7)) Patella; (O) femur. 
EFFECT OF AGE ON THE MATERIAL  PROPERT IES  OF THE 
ART ICULAR CARTILAGE 
No notable correlations were found between the 
age of the specimens used in our tests and the 
compressive aggregate modulus (r = -0.25, 
P=0.054), permeabil ity (r =0.17, P=0.204) or 
thickness (r = 0.21, P= 0.112) of the cartilage. 
Discuss ion  
The structure and composition of art icular 
carti lage permit the tissue to function as a two 
phase material, a solid phase composed of collagen, 
proteoglycans, other quantitat ively minor glyco- 
proteins and chondrocytes, and a fluid phase 
composed of water and dissolved electrolytes 
[40, 43, 51 53]. For such biphasic materials, the 
load at the surface is shared by these two phases 
in accordance with the tissue's porosity [54, 55]. 
For normal tissues, up to 95% of the load acting on 
the joint surface is supported by the fluid phase, 
depending on the speed of movement and loading 
magnitude; the remainer of the load support is 
provided by the solid phase. For carti lage 
possessing a normal range of material properties 
(compressive aggregate modulus HA, Poisson's 
ratio v~, permeabil ity k, and water content; see 
Figs 2 5), our calculations show that fluid 
pressurization can account for up to 90% of load 
support within the tissue as well [43, 54-58]. 
Indeed, the most important functional benefit of 
this biphasic behavior is that load support in 
normal art icular carti lage is provided predomi- 
nantly by interstit ial  fluid pressurization, aug- 
mented slightly by the stresses developed in the 
solid matrix. In other words, for tissues with 
material properties in the normal range, the solid 
matrix is shielded from the high loads of joint 
articulation, as is the case in the patellofemoral 
joint [15, 18, 20, 27]. However, this dominant fluid 
pressurization load support mechanism provided 
by the biphasic material may be defeated with 
altered material properties such as those which 
might occur during carti lage degeneration [52, 57]. 
The material properties of art icular carti lage are 
generally determined by the biochemical compo- 
sition of the tissue and the organization of its 
macromolecules (collagen, proteoglycans, etc). 
This relationship, between the material properties 
of the carti lage and its biochemical factors may be 
very complex, and at present is not fully 
determined nor understood [52]. In this study we 
found that, for the patella, overall compressive 
stiffness increased with increased proteoglycan 
content (r=0.56) and decreased with increased 
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water content (r =-0.40) (Fig. 7). From this result 
and from some of our previous results on human 
knee joint cartilage [40, 59, 60], we believe this 
relatively modest level of statistical correlation 
between biomechanical coefficients and biochemi- 
cal parameters i  a reflection of the relatively 
narrow range of variations in the normal articular 
cartilage composition and ultrastructure. Finally, 
we note that the water content of the patellar 
cartilage (65 84%) varies more than the trochlear 
cartilage (66-78%), which may already be an early 
sign of degeneration (see Fig. 6, top). 
The mechanical interaction which occurs as the 
opposing articular surfaces come into contact is 
certainly influenced by the extrinsic loading 
conditions, as well as by the intrinsic geometry 
and mechanical properties of the cartilage. All 
previous studies of diarthrodial joint junction 
have implicitly assumed that the cartilage of the 
opposing articular surfaces are identical and that 
the interaction is symmetrical. Under these 
assumptions, the stresses, strains and pressures 
created inside the opposing cartilages would be the 
same. Because the opposing articulating surfaces 
of the knee joint have different anatomic forms 
[58], and they have now been found to have 
different intrinsic material properties (see Fig. 5), 
it is reasonable to expect that the opposing 
surfaces will respond quite differently during 
contact. The patellar cartilage, with a lower 
aggregate modulus and higher permeability and 
thickness, will have greater deformations and 
hence greater stresses and strains acting on its 
solid matrix. This may be a significant factor 
causing the earlier susceptibility of fibrillation of 
the patellar cartilage than femoral-trochlear 
cartilage [17 19]. In this respect, it would appear 
that patellar cartilage is inferior to femoral 
trochlear cartilage in its ability to bear load. 
Our results support some of the earliest work in 
the field of patellofemoral biomechanics and 
biochemistry published by Hirsch [38] in 1944. 
Using a solid indenter tip (as opposed to the porous 
tips used in this study), Hirsch performed 
indentation tests up to 5 min and found that, in 
general, patellar cartilage was softer than femoral 
cartilage. The softer cartilage was thought o be 
less elastic due to a decreased chondroitin sulfate 
content. Our results for material properties are 
also consistent with the morphologic study of 
Meachim and Emery [9]. These investigators 
performed quantitative Indian ink staining of the 
patellofemoral surfaces of 98 subjects and found 
that the patellar surface xhibited greater degener- 
ation than that of the corresponding femoral 
surface, though this finding was not as pronounced 
for females as it was for males. 
The functional requirements of cartilage are 
often matched by its material properties, o certain 
benefits may be afforded the patellar cartilage 
in exchange for its reduced compressive stiff- 
hess and increased fluid flow permeability. For 
example, the biphasic material coefficients of the 
patellar cartilage might be beneficial for the 
lubrication eeds of the patellofemoral joint and 
increased needs of congruency in this highly 
loaded joint. The excursion of the patella over the 
femoral trochlea is roughly one and one-half times 
that of the vertical dimension of the patella. Thus, 
during knee flexion, the area of contact must glide 
at a slower rate over the patellar surface than over 
the trochlear surface. This results in longer 
loading dwell times over specific articulating 
regions on the patella than on the trochlea. This 
occurs under the stress generated by loads two- to 
five-times body weight and is applied repetitively 
[15, 20, 27, 32, 61, 62]. The low Poisson's ratio, low 
compressive stiffness, and high permeability of 
patellar cartilage allow easier transport of large 
quantities of the interstitial fluid through the 
patellar cartilage and across its articulating 
surface, providing for the lubrication needs 
between the two surfaces of the patellofemoral 
joint [55 57]. Also, the stability of the 
patellofemoral joint may be enhanced by both the 
rapid and high deformability of patellar cartilage 
which would enable the patella to seat more deeply 
and effectively within the groove under various 
loading conditions. This response would lead to an 
increase in patellofemoral congruence and a more 
stable joint. It would also lead to a wider 
distribution of contact forces and thus, more 
importantly, a lowering of contact stresses in the 
joint. Unfortunately, these processes, which might 
be judged as beneficial, also allow the solid matrix 
of the patellar cartilage to be more repetitively 
highly stressed and loaded for longer periods of 
time than the solid matrix of the trochlear 
cartilage. These two factors may give rise to a 
higher probability of collagen fiber and other solid 
matrix damage in the patella, and hence resultant 
patellar cartilage degeneration [52]. 
Interest in the etiology of patellofemoral 
cartilage degeneration a d osteoarthrosis is fueled 
by the desire to understand and possibly alter this 
mechanical destructive process [14-37, 61-63]. It is, 
therefore, not surprising to find the majority of 
literature has focused on disorders of the extrinsic 
mechanisms ofthe patellofemoral joint which may 
be amenable to surgical correction. Our discovery 
of significant differences in the intrinsic material 
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propert ies of the cart i laginous surfaces of this 
joint ~ay  help explain why the results of such 
correct ions are often difficult to predict. In some 
instances the differences in the intrinsic mater ia l  
propert ies may be significant enough to negate the 
benefits from improved patel lofemoral  mechanics. 
Fai lures of t reatment  then may represent an 
intrinsic deficiency of patel lar cart i lage rather  
than a technical inadequacy of the surgical 
procedure. If  the differences in the cart i lage 
propert ies are severe, one might be able to predict 
a priori those joints in which further deter iorat ion 
of patel lar  function could be expected in spite of 
the surgical intervention. 
Finally, many studies have util ized the 
patel lofemoral  joint to examine the function of 
normal  art icular cart i lage and the pathogenesis of 
osteoarthrosis,  hnpl ic it  in this approach is the 
underlying assumption that the structure and 
function of art icular cart i lage is relat ively uniform 
among the different joints and that the 
patel lofemoral  joint is simply a representat ive 
joint. I f  there are differences between the mater ia l  
propert ies of patel lar and femoral - t rochlear  carti- 
lage, then it is reasonable to assume that  such 
differences may also exist for other joints. 
Certainly the data presented in this study, and 
those recently reported elsewhere [42], argue 
cogently that  fundamental  differences in cart i lage 
mater ia l  propert ies do exist between joints and 
between species. Thus, we believe that, in l ight of 
the present findings, a thorough re-examination of
our understanding of the etiology of patel lofemoral  
cart i lage fibrillation, and pathology, is in order. 
Acknowledgments  
The authors wish to thank Drs Yi 3iang and Michael A. 
Kelly and Ms Fatemeh Saed-Nejad for their excellent 
technical assistance in this study, 
References 
1. Bentley G, Dowd G. Current concepts of etiology and 
treatment of chondromalacia p tellae. Clin Orthop 
1984;189:209 28. 
2. Bentley G. Articular cartilage changes in chondro- 
matacia patellae. J Bone Joint Surg 1985;67-B:769- 
74. 
3. Dashefsky JH. Arthroscopic measurement of chon- 
dromalacia of patella cartilage using a micro- 
miniature pressure transducer. Arthroscopy 
1987;3:80-5. 
4. Emery IH, Meachim G. Surface morphology and 
topography of patello-femoral cartilage fibrillation 
in Liverpool necropsies. J Anat 1973;116:103-20. 
5. Ficat RP, Hungerford DS. Disorders of the 
Patellofemoral Joint. Baltimore, MD: Williams 
and Wilkins, 1977. 
6. Fulkerson JP. The etiology of patellofemoral pain in 
young, active patients. Clin Orthop 1983;179:129-- 
33. 
7. Insall J. Current concepts review: patellar pain. 
J Bone Joint Surg 1982;64-A:147-52. 
8. Insall J. Disorders of the patella. In: Insall J, Ed. 
Surgery of the Knee. New York: Churchill 
Livingstone 1984:191 260. 
9. Meachim G, Emery IH. Quantitative aspects of 
patello-femoral cartilage fibrillation in Liverpool 
necropsies. Ann Rheum Dis 1974;33:39-47. 
10. Outerbridge, RE. The etiology of chondromalacia 
patellae. J Bone Joint Surg 1961;43-B:752 57. 
11. Outerbridge RE. Further studies on the etiology of 
chondromalacia patellae. J Bone Joint Surg 
1964;46-B:179-90. 
12. Radin EL. A rational approach to the treatment of 
patellofemoral pain. Clin Orthop 1979;144:107-9. 
13. Wiberg G. Reontgenographic and anatomic studies 
on the femoropatellar joint. Acta Orthop Scand 
1941;12:319-410. 
14. Adams ME. Cartilage hypertrophy following canine 
anterior cruciate ligament transection differs 
among different areas of the joint. J Rheum 
1989;16:818-24. 
15. Ahmed AM, Burke DL, Yu A. In vitro measurement 
of static pressure distribution in synovial joints II: 
retropatellar surface. J Biomech Eng 1983;105:226- 
36. 
16. Ahmed AM, Burke DL, Hyder A. Force analysis of 
the patellar mechanism. J Orthop Res 1987;5:69-85. 
17. Armstrong AC, Mow VC, Wirth CR. Biomechanics of
impact-induced microdamage to articular carti- 
lage: a possible genesis for chondromalacia 
patella. In: Finerman G, Ed. AAOS Symposium on 
Sports Medicine: The Knee, St Louis, MO: CV 
Mosby 1985:7(~84. 
18. Buff HU, Jones LC, Hungerford DS. Experimental 
determination of forces transmitted through the 
patello-femoral joint. J Biomechanics 1988;21:17 
23. 
19. Donahue JM, Buss D, Oegema TR, Thompson RC. 
The effect of indirect blunt trauma on adult canine 
articular cartilage. J Bone Joint Surg 1983;65- 
A:948--57. 
20. Ferguson AB, Brown TD, Fu FH, Rutkowski R. 
Relief of patellofemoral contact stress by anterior 
displacement of the tibial tubercule. J Bone Joint 
Surg 1979;61-A:159-66. 
21. Ficat C, Maroudas A. Cartilage of the patella: 
Topographical variation of glycosaminoglycan 
content in normal and fibrillated tissue. Ann 
Rheum Dis 1975;34:515-19. 
22. Jujikawa K, Seedhom BB, Wright V. Biomechanics 
of the patello-femoral joint. Part I. A study of the 
contact of the patello-femoral compartment and 
movement of the patella. Proc Inst Mech Eng [H] 
1983;12:3-11. 
23. Jujikawa K, Seedhom BB, Wright V. Biomechanics 
of the patello-femoral joint. Part II. A study of the 
effect of simulated femoro-tibial deformity on the 
congruity of the patello-femoral compartment and 
movement of the patella. Proc Inst Mech Eng [H] 
1983;12:13-21. 
24. Goodfellow J, Hungerford DS, Zindel M. Patello- 
femoral joint mechanics and pathology. 1. Func- 
Osteoarthrit is and Cartilage Vol. 5 No. 6 385 
tional anatomy of the patello-femoral joint. J Bone 
Joint Surg 1976;58-B:287 90. 
25. Goodfellow J, Hungerford DS, Zindel M. Patello- 
femoral joint mechanics and pathology. 2. Chonro- 
malacia patellae. J Bone Joint Surg 
1976;58-B:291 9. 
26. Goldstein SA, CoMe E, Weiss AC, Grossnickle M, 
Meller B, Matthews LS. Patellar surface strain. 
J Orthop Res 1986;4:372 77. 
27. Huberti HH, Hayes WC. Patetlofemoral contact 
pressures: the influence of Q-angle and tend- 
ofemoral contact. J Bone Joint Surg 1984;66-A:715 
24. 
28. Hungerford DS, Barry M. Biomechanics of the 
patello-femoral joint. Clin Orthop 1979;144:9-15. 
29 Hvid I, Andersen LB, Schmidt H. Chondromalacia 
patellae. The relation to abnormal pateltofemoral 
joint mechanics. Acta Orthop Scand 1981;52: 
661-6. 
30. Van Kampen A, Huiskes R. The three-dimensional 
tracking pattern of the human patella. J Orthop 
Res 1990;8:372-82. 
31. Maquet PG. Mechanics and osteoarthritis of the 
patellofemoral joint. Clin Orthop 1979;144:70-3. 
32. Mathews LS, Sonstegard DA, Henke JA. Load 
bearing characteristics of the patello-femoral 
joint. Acta Orthop Scand 1977;48:511-16. 
33. Merchant AC, Mercer RL, Jacobsen RH, Cool CR. 
Roentgenographic analysis of patellofemoral con- 
gruence. J Bone Joint Surg 1974;56-A:1391-6. 
34. Seedhom BB, Tsubuku M. A technique for the study 
of contact between visco-elastic bodies with 
special reference to the patello-femoral joint. 
J Biomechanics 1977;10:253-60. 
35. Seedhom BB, Takeda T, Tsubuku M, Wright V. 
Mechanical factors and patellofemoral os- 
teoarthrosis. Ann of Rheum Dis 1979;38:307---16. 
36. Townsend PR, Rose RM, Radin EL, Raux P. The 
biomechanics of the human patella and its 
implications for chondromalacia. J Biomechanics 
1977;10:304-7. 
37. Vignon E, Arlot M, Hartmann D, Moyen B, Ville G. 
Hypertrophic repair of articular cartilage in 
experimental osteoarthrosis. Ann Rheum Dis 
1983;42:282-8. 
38. Hirsch C. A contribution to the pathogenesis of 
chondromalacia of the patella. Acta Chir Scandi- 
navica, Supplementum 1944;83:1-106. 
39. Sokoloff L. Elasticity of aging cartilage. Fed Proc 
1966;25:1089-95. 
40. Armstrong CG, Mow VC. Variations in the intrinsic 
mechanical properties of human articular carti- 
lage with age, degeneration, and water content. 
J Bone Joint Surg 1982;64-A:88-94. 
41. Jurvelin J, Kiviranta I, Saamanen AM, Tammi M, 
Helminen HJ. Indentation stiffness of young 
canine knee articular cartilage--influence of 
strenuous joint loading. J Biomechanics 
1990;23:1239-46. 
42. Athanasiou KA, Rosenwasser MP, Buckwalter JA, 
Malinin TI, Mow VC. Interspecies comparison of 
in situ intrinsic mechanical properties of distal 
femoral cartilage. J Orthop Res 1991;9:330 40. 
43. Mow VC, Kuei SC, Lai WM, Armstrong CG. 
Biphasic creep and stress relaxation of articular 
cartilage in compression: theory and experiments. 
J Biomeeh Eng 1980;102:73-84. 
44. Mow VC, Gibbs MC, Lai WM, Zhu WB, Athanasiou 
KA. Biphasic indentation of articular cartilage-II. 
A numerical algorithm and an experimental study. 
J Biomechanics 1989;22:853~31. 
45. Aglietti P, Insall JN, Walker PS, Trent P. A new 
patellar prosthesis: design and application. Clin 
Orthop 1975;107:175-87. 
46. Athanasiou KA, Agarwal A, Dzida FJ: Comparative 
study of the intrinsic mechanical properties of 
the human acetabular and femoral head cartilage. 
J Orthop Res 1994;12:340-9. 
47. Mak AF, Lai WM, Mow VC. Biphasic indentation of 
articular eartilage-I. Theoretical analysis. J 
Biomechanics 1987;20:703-I4. 
48. Farndale RW, Sayers CA, Barrett AJ. A direct 
speetrophotometric microassay for sulfated gly- 
cosaminoglyeans in cartilage cultures. Conn 
Tissue Res 1982;9:247-8. 
49. Seibel MJ, Macaulay W, Jelsma R, Saed-Nejad F, 
Ratcliffe A. Antigenic properties of keratan 
sulfate: influence of antigen structure, monoclonal 
antibodies, and antibody valency. Arch Biochem 
and Biophys 1992;296:410-18. 
50. Stegeman H, Stalder K. The determination of 
hydroxyproline. Clin Chim Acta 1967;18:267-73. 
51. Mankin HJ, Thrasher AZ. Water content and 
binding in normal and osteoarthritie human 
cartilage. J Bone Joint Surg 1975;57-A:76 9.
52. Mankin HJ, Mow VC, Buekwalter JA, Ianotti JP, 
Rateliffe A. Structure and function of articular 
cartilage. In: Simon SR, Ed. Orthopaedic Basic 
Science. Rosemont, IL, Amer Acad Orthop Surg 
Pub, 1994, pp. 1-44. 
53. Maroudas A. Physicochemieal properties of articu- 
lar cartilage. In: Freeman MAR, Ed. Adult 
Articular Cartilage. Kent, England: Pitman Medi- 
cal Publishers 1979:215-90. 
54. Hou JS, Holmes MH, Lai WM, Mow VC. Boundary 
conditions at the eartilage-synovial fluid interface 
for joint lubrication and theoretical verification. 
J Biomeeh Eng 1988;111:78-86. 
55. Ateshian GA~ Wang H. A theoretical solution for the 
frictionless rolling contact of cylindrical biphasic 
articular cartilage layers. J Biomeehanics 
1995;28:1341-55. 
56. Hou JS, Mow VC, Lai WM, Holmes MH. An analysis 
of the squeeze film lubrication mechanism for 
articular cartilage. J Biomechanics 1992;25: 
247-59. 
57. Mow VC, Soslowsky LJ. Friction, lubrication and 
wear of diarthrodial joints. In: Mow VC, Hayes 
WC, Eds. Basic Orthopaedic Biomeehanies. New 
York: Raven Press 1991:254-92. 
58. Ateshian GA, Soslowsky LJ, Mow VC. Quantitation 
of articular surface topography and cartilage 
thickness in knee joints using stereophotogramme- 
try. J Biomechanics 1992;24:761 76. 
59. Akizuki S, Mow VC, Muller F, Pita JC, Howell DS, 
Manicourt DH. The tensile properties of human 
knee joint cartilage I: influence of ionic con- 
ditions, weight bearing, and fibrillation on the 
tensile modulus. J Orthop Res 1986;4:379-92. 
60. Akizuki S, Mow VC, Muller F, Pitfi JC, Howell DS. 
The tensile properties of human knee joint 
cartilage II: the influence of weight bearing, and 
tissue pathology on the kinetics of swelling. 
J Orthop Res 1987;5:173-86. 
386 Froimson et al.: Differences in patel lofemoral joint carti lage propert ies 
61. Perry J, Antonelli D, Ford W. Analysis of knee-joint 
forces during flexed-knee stance. J Bone Joint 
Surg 1975;57-A:961-7. 
62. Reilty DT, Martens M. Experimental nalysis of the 
quadriceps muscle force and patello-femoral joint 
reaction force for various ativities. Acta Orthop 
Scan 1972;43:126-37. 
63. Abernethy PJ, Townsend PR, Rose EL, Radin EL. 
Is chondromalacia patellae a separate clinical 
entity? J Bone Joint Surg 1978;60-B:205-10. 
